INTRODUCTION
Appropriate spatial and temporal control of gene expression during development involves a coordinated network of chromatin-modifying complexes and sequence-specific DNA binding proteins, which operate within the dynamic spatial organization of the nucleus. Indeed, the nucleus is comprised of distinct functional and morphological compartments, such as those dedicated to transcription (Lanctô t et al., 2007; Misteli, 2007) , and wherein chromosomes tend to be organized with generich regions near the interior and gene-poor regions near the periphery (Fraser and Bickmore, 2007; Towbin et al., 2009; Zhao et al., 2009) .
Among chromatin regulators, the polycomb repressive complexes, PRC1 and PRC2, act sequentially and coordinately to repress gene expression by covalent modification of chromatin (Schuettengruber and Cavalli, 2009 ). The PRC2 complex, which includes the enzymatic component, Ezh2, as well as Suz12 and EED, imparts a repressive trimethyl mark at lysine 27 of histone H3 (H3K27me3) (Cao et al., 2002; Kuzmichev et al., 2002; Schwartz and Pirrotta, 2007) , associated with lineage commitment in embryonic stem cells and differentiation during development (Boyer et al., 2006; Bracken et al., 2006) . PRC2 complexes are highly dynamic, tending to be active during developmental stages when cells are proliferating but not yet differentiated, and associated with genes that are repressed but poised for expression when differentiation ensues (Bracken et al., 2006; Ezhkova et al., 2009) . This is exemplified in the myogenic lineage, where Ezh2 is expressed in myoblast cells but downregulated in myotubes, while its forced expression inhibits the formation of myotubes (Caretti et al., 2004) . Although mammalian Polycomb response elements (PRE) have recently been identified (Mendenhall et al., 2010; Sing et al., 2009; Woo et al., 2010) , how PRC2 complexes are recruited to genomic targets in dynamic spatial and temporal contexts has not been fully elucidated.
Homeoproteins comprise one of the major classes of transcriptional regulators that control differentiation during development. Among these, Msx1 is expressed in diverse spatial and temporal domains during development, where a unifying feature is its restricted expression to proliferating cells that are poised to differentiate and its downregulation prior to differentiation (Bendall and Abate-Shen, 2000; Davidson, 1995) . In the developing limb, for example, where Msx1, together with Msx2, is required for proper limb formation (Lallemand et al., 2005) , Msx1 is expressed in a zone of undifferentiated mesenchymal cells destined to form structural elements of the limb, but not in the adjacent cells differentiating to form these structures (Bendall et al., 1999; Catron et al., 1996; Davidson, 1995; Davidson et al., 1991) . Similarly, in the myogenic lineage Msx1 is expressed in myogenic precursors during development as well as in adult satellite cells (i.e., stem cells), but not in differentiated myotubes (Bendall et al., 1999; Cornelison et al., 2000; Houzelstein et al., 1999) . Furthermore, forced expression of Msx1 in myoblast cells inhibits their differentiation (Hu et al., 2001; Woloshin et al., 1995) , whereas its forced expression in myotubes results in their dedifferentiation (Odelberg et al., 2000) . The inhibitory consequences of Msx1 for differentiation are mediated, in part, by its actions as a transcriptional repressor. For instance, Msx1 represses the expression of MyoD, a principal regulator of myogenic differentiation, by binding to the core enhancer region (CER) (Bendall et al., 1999; Lee et al., 2004; Lee et al., 2006; Woloshin et al., 1995) , which regulates the timing of MyoD expression in vivo . Notably, this interaction occurs at the nuclear periphery, and this subnuclear localization is required for repression by Msx1 ).
In the current study, we investigate the consequences of Msx1 localization to the nuclear periphery for its function in transcriptional repression in myoblast cells and the murine embryonic limb. We identify Msx1 target genes and find that the repressed targets are preferentially located at the nuclear periphery in myoblast cells, where Msx1 is also located. We further show that their repression requires association of Msx1 with the PRC2 complex, resulting in an Msx1-dependent enrichment of H3K27me3 on Msx1 genomic binding sites as well as a striking redistribution of this repressive mark to the nuclear periphery. Our findings highlight a hitherto unappreciated role of spatial context of chromatin marks as a key factor in regulating gene expression during development.
RESULTS

Msx1 and Its Repressed Target Genes Are Located at the Nuclear Periphery in Myoblast Cells
We have shown previously that transcriptional repression by Msx1 in C2C12 myoblast cells requires its localization to the nuclear periphery . We now find that this striking localization of Msx1 to the periphery is distinctive, as it is not shared by other classes of homeoproteins ( Figure 1A and see Figure S1A available online); notably, the C-terminal region of Msx1 that is required for localization to the periphery (Lee et al., 2006 and below) is not conserved with other homeoproteins (Bendall and Abate-Shen, 2000) . Furthermore, this subnuclear localization by Msx1 also occurs in primary myoblasts in culture, as well as the developing limb of mouse embryos in vivo, but not in all other tissues where Msx1 is expressed during development, such as the neural tube ( Figures  1B and 1C) . Thus, localization to the nuclear periphery is a distinctive feature of Msx1 that occurs in specific biological contexts.
To further investigate the significance of this subnuclear localization for transcriptional regulation, we first identified Msx1 target genes and then assessed their subnuclear localization in myoblast cells. Target genes were identified using a combination of gene expression profiling and chromatin-immunoprecipitation followed by high-throughput sequencing (ChIP-Seq) to identify genes that are both differentially expressed and bound by Msx1 (Figure 2A ). Because Msx1 is virtually undetectable in most cultured cells, including myoblasts (J.W. and C.A.-S., unpublished data), we performed these analyses in C2C12 cells expressing exogenous Msx1 (Hu et al., 2001; Lee et al., 2004; Lee et al., 2006) , and then validated our findings for endogenous Msx1 in the developing limb, comparing Msx1 mutant with wildtype embryos (Figure 2A ). See also Figure S1 , Figure S2 , and Tables S1-S3 and Table S4 . Figure S2H . The sequences of the binding regions are provided in Table S5 .
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We performed Affymetrix gene expression profiling using RNA from C2C12 cells expressing tamoxifen-inducible Msx1 (Hu et al., 2001) , focusing on genes whose expression was differentially regulated shortly after (i.e., within 6 hr) induction to enrich for direct target genes (Table S1 ). We compared these with genes bound by Msx1 within 10 kb of the transcription start site (TSS), as determined by ChIP-Seq analyses of genomic DNA from C2C12 cells expressing a constitutively-active epitope-tagged Msx1 (Figure S2A and Table  S2 ). Comparison of differentially expressed genes (i.e., from the gene expression profiling data) with those bound by Msx1 (i.e., from the ChIP-Seq analyses) revealed 79 upregulated and 87 downregulated target genes (total of 166) ( Figure 2B and Table S3 ). Although many more genes were bound by Msx1 (i.e., 8606 genes) than were differentially expressed (i.e., 221 genes), more than 75% of the differentially expressed genes were also bound by Msx1 (p = 9.8 3 10 À10 ), and particularly the downregulated genes had a bias for Msx1 binding at or near the TSS (p = 0.01) (Figures S2B and S2C and Table S3 ). Interestingly, Msx1 genomic binding sites were enriched for its consensus DNA binding site (i.e., TAATT) ( Figure S2D ), while de novo motif discovery analyses revealed the prevalence of additional sequence motifs, including an AP1 binding site (see Supplemental Experimental Procedures and Figure S2E ). Thus, recognition of target sequences by Msx1 in vivo may involve both direct and indirect interactions. Consistent with the known functions of Msx1 as a negative regulator of differentiation (Bendall and Abate-Shen, 2000) , functional annotation of target genes revealed that those upregulated were enriched for genes involved in controlling the cell cycle, cellular proliferation, and/or development, whereas those downregulated tended to be involved in differentiation, bone remodeling, and/or myogenesis, as well as development ( Figure S2F ). We validated the differential expression of selected target genes, which were chosen on the basis of their potential relevance for myogenesis and/or differentiation, by real-time PCR using RNA from C2C12 cells expressing or lacking exogenous Msx1 (Figure 2C and Table S4 ). The differential expression of target genes was further validated in developing limbs of Msx1 mutant versus wild-type embryos, using real-time PCR as well as in situ hybridization, which showed that genes downregulated in C2C12 cells expressing exogenous Msx1 were upregulated in the mutant limb lacking Msx1 and vice versa ( Figures 2C and 2D , Table  S4 , and Figure S2G ). Notably, our finding that target genes identified in C2C12 cells are also regulated by Msx1 in murine embryos indicates that they are indeed bona fide targets in vivo.
We next investigated the subnuclear localization of Msx1 target genes in myoblast cells using fluorescence in situ hybridization (FISH) analyses. We found that the genes bound and downregulated by Msx1 exhibited strong (i.e., Myc, Met, MyoD, and Myf5 > 75%) or moderate (i.e., Six1, Angpt1, Snai2, and Ezh1 > 65%) association with the nuclear periphery in both C2C12 and primary myoblast cells (Figures 2E and 2F and Figures S1B and S1C) . Importantly, this was only the case for the repressed targets (i.e., the downregulated genes), because the genes that were bound and upregulated by Msx1, as well as other genes that were neither bound nor regulated by Msx1 were not preferentially associated with the nuclear periphery ( Figures 2E and 2F and Figures S1B and S1C). As we had observed previously , the localization of target genes at the nuclear periphery was not dependent on expression of Msx1 (Figures 2E and 2F and Figures S1B and S1C) . Because target genes that are repressed, but not activated, were localized to the nuclear periphery, our subsequent analyses to investigate the consequences of Msx1 localization to the nuclear periphery for transcriptional control in myoblast cells was focused primarily on the repressed target genes.
Msx1 Genomic Binding Is Associated with Enrichment of the H3K27me3 Repressive Mark
Consistent with the known functions of Msx1 as a transcriptional repressor and negative regulator of muscle cell differentiation (Hu et al., 2001; Lee et al., 2004 Lee et al., , 2006 Odelberg et al., 2000; Woloshin et al., 1995) , these repressed target genes include known regulators of muscle cell differentiation, such as Six1, Snai2, and Myf5 (Figures 2B-2D and Table S4 ). Inspection of the ChIP-Seq binding data for these targets, as well that of a previously known target, MyoD, revealed Msx1 binding to multiple sites at these genes ( Figure 3A and Table S5 ). Chromatin immunoprecipitation (ChIP) analyses of endogenous Msx1 in embryonic limb as well as exogenous Msx1 in C2C12 cells confirmed binding to these genomic sites, but not to other sites where Msx1 was not bound in the ChIP-Seq analyses (i.e., negative control sites) ( Figure 3B and Figure S2H ). Notably, these Msx1 genomic binding sites include regulatory regions such as the CER of MyoD, as well as the À58 kb distal regulatory element of Myf5, which are known homeoprotein-binding elements that control expression of these respective myogenic regulators in (C) ChIP-Seq data for Msx1 compared with ChIP-Chip data for the indicated H3 marks on MyoD in C2C12 cells expressing or lacking Msx1; the red box shows the region corresponding to the CER (MyoD-4). The net change score indicates the relative increase (positive score) or decrease (negative score) of histone mark comparing the Msx1-expressing versus control cells. Comparable data for Myf5 and Six1 are shown in Figure S3A . (D) Summary of the relative levels of H3K27me3, H3K4me3, and H3K9me2 at Msx1-repressed target genes and Msx1-upregulated target genes compared to genes not bound by Msx1. ChIP-Chip data from 15 genes bound-and-repressed by Msx1, 7 genes bound-and-activated by Msx1, and 15 comparable genes not bound by Msx1 were scored for the net change in the indicated chromatin marks over $30 kb upstream of the transcription start site in C2C12 cells expressing versus lacking Msx1 (Msx1/vector). A positive score indicates a gain of that mark at the selected genes in Msx1-expressing cells relative to control cells, and a negative score indicates a loss. Significance was calculated using a Mann-Whitney U test, and p values are indicated on the figure. Whiskers on box plots show the 90th and 10th percentiles of the distributions. (E) ChIP-qPCR analyses showing the relative levels of H3K27me3 or H3K4me3 at Msx1 genomic binding sites in Msx1; Msx2 conditional mutant versus wild-type limb. ChIP data are expressed as relative enrichment of the H3 mark normalized to input. Inset: ChIP data expressed as fold enrichment in wild-type embryonic limb versus Msx1; Msx2 conditional mutant embryonic limb (and normalized to input). Comparable data for exogenous Msx1 expressed in C2C12 cells is shown in Figure S4A . Values are the means ± SD. ***p < 0.0001; **p < 0.001; *p < 0.01. See also Figures S2-S4 , Table S5, and Table S6. the developing limb (Buchberger et al., 2007; Goldhamer et al., 1995; Hadchouel et al., 2003) .
In the course of these analyses, we noticed a significant overlap between target genes repressed by Msx1 and genes previously identified as Polycomb targets in mouse embryonic stem (ES) cells (34/87 genes; p = 8.6 3 10 À6 ), as well as genes enriched for H3K27me3 in mouse ES cells (27/87 genes; p = 2 3 10 À4 ) (Table S6 ) (Boyer et al., 2006; Mikkelsen et al., 2007) . Considering these observations, as well as our previous findings showing that Msx1 genomic binding at the CER is correlated with increased levels of repressive chromatin marks at this site (Lee et al., 2004) , we asked whether repressive chromatin marks were enriched on Msx1 target genes. We used chromatin immunoprecipitation coupled with DNA microarray hybridization (ChIP-Chip) to examine the relationship between Msx1 genomic binding and levels of the Polycomb mark, H3K27me3, as well as another repressive mark, H3K9me2, and a mark of active chromatin, H3K4me3 (Figure 3C and Figure S3A) . These studies were done using a high-density array containing several hundred developmental regulatory genes, including Msx1 target genes (Supplemental Experimental Procedures) to evaluate the levels of these histone marks relative to Msx1 genomic binding in C2C12 cells expressing or lacking Msx1. These ChIP-Chip binding data revealed an Msx1-dependent overall enrichment of H3K27me3 on repressed target genes (MyoD, net change +34.7; Myf5, net change +23.2; Six1, net change +22.7), but no such enrichment of the H3K9me2 repressive mark or the H3K4me3 activator mark on these repressed genes ( Figure 3C and Figure S3A ). More generally, the overall abundance of H3K27me3 on repressed Msx1-bound genes versus comparable genes not bound by Msx1 (N = 15/group) revealed a significant enrichment of H3K27me3 in Msx1-expressing cells (median net change +28.6; p = 1.8 3 10 À6 ), which was not the case for H3K9me2 or H3K4me3 ( Figure 3D ). Interestingly, not only did we observe an increase in the H3K27me3 mark on repressed genes bound by Msx1, we observed a decrease in H3K27me3 levels on genes not bound by Msx1 (median net change À14; p = 1.8 3 10 À6 ). In particular, Dkk1 and En2, which are neither bound nor regulated by Msx1, had reduced levels of H3K27me3 in Msx1-expressing cells (net change, Dkk1 À78.8; En2 À85.8) ( Figure S3B ). To rule out any potential bias due to selection of genes for these analyses, we examined the genomic loci for two Hox clusters, each spanning >100 kb, and found that the HoxC cluster, which is strongly bound by Msx1, was significantly enriched for H3K27me3 in Msx1-expressing cells (net change +383), whereas the HoxD cluster, which was virtually devoid of Msx1 binding, had reduced levels of H3K27me3 in Msx1-expressing cells (net change À174) ( Figure S3C ). Taken together, these findings suggest that Msx1 promotes the redistribution of the H3K27me3 mark from genomic regions where Msx1 is not bound to those where it is bound. Notably, enrichment of the H3K27me3 mark was also observed on genes that were activated, rather than repressed by Msx1 (median net change +24.9; p = 8.2 3 10 À5 ) yet, unlike the repressed genes, the activated genes, which are not localized to the nuclear periphery, were also enriched for the H3K4me3 mark (median net change +6.3; p = 0.04) ( Figure 3D and Figure S3A ). Therefore, although
Msx1 binding may promote enrichment of the H3K27me3 mark on target genes, whether the outcome is repression or activation may be influenced by the status of other histone marks, as well as the localization of targets within the nuclear compartment.
Further comparison of the ChIP-Seq binding data for Msx1 and the ChIP-Chip data for histone marks indicated that enrichment for H3K27me3 was particularly evident on genomic regions in proximity to, although not necessarily directly overlapping, the location of Msx1 binding sites, as exemplified for the CER (Figure 3C ). This was validated by ChIP-qPCR in which we found the loss of Msx1 expression in mutant limbs resulted in reduced levels of H3K27me3 whereas the gain of Msx1 expression in C2C12 cells resulted in increased levels of H3K27me3 on Msx1-binding sites on target genes ( Figure 3E and Figure S4A ). For example, the levels of H3K27me3 were significantly reduced in the Msx1 mutant versus wild-type limb at the MyoD CER (MyoD-4; 4.2-fold; p = 1.6 3 10 À4 ) and the À58 kb region of Myf5 (Myf5-2; 3.9-fold; p = 5.1 3 10 À4 ) but not at genomic sites not bound by Msx1 (i.e., the negative control sites), while the levels of the H3K4me3 mark did not vary any of these sites on the repressed genes as a consequence of Msx1 expression ( Figure 3E) ; similar results were observed in C2C12 cells (Figure S4A) . Conversely, genes that were neither bound nor regulated by Msx1 (i.e., Mck, MHCIIb, Dkk1, En2, and Irx1) had reduced levels of H3K27me3 in Msx1-expressing C2C12 cells ( Figure S4B ). These findings further underscore the observation that Msx1 promotes a redistribution of H3K27me3 to its bound genomic sites, and demonstrate that repressed target genes have increased levels of the H3K27me3 mark, particularly near genomic sites where Msx1 is bound.
Msx1 Associates with PRC2 via the Homeodomain and the C-Terminal Region
We next considered how binding by Msx1 results in enrichment of repressive chromatin marks on target genes. We found that the Msx1 protein complex immunopurified from C2C12 cells as well as the endogenous Msx1 complex immunopurified from embryonic limb have associated histone methyltransferase activity specific for histone H3 ( Figure 4A ). Notably, this histone methyltransferase enzymatic activity is associated with but not an inherent property of Msx1, because the recombinant protein (i.e., MBP-Flag-Msx1) is completely devoid of this activity (Figure 4A ). This Msx1-associated histone methyltransferase activity has specificity for H3 lysine 27, because nucleosomes synthesized using an H3 variant lacking K27 were not optimal substrates ( Figure 4B ). Additionally, coimmunoprecipitation assays revealed that Msx1 associates with H3K27me3, but not with several other histone methyl marks ( Figure 4C ). Interestingly, we also observed associated histone methyltransferase activity for the closely related Msx2 homeoprotein, but not another homeoprotein, Dlx5, which functions as a transcriptional activator to antagonize the functions of Msx1 (Bendall and AbateShen, 2000; Zhang et al., 1997 ) ( Figure S4C) ; notably, unlike Msx1, Dlx5 was not localized at the nuclear periphery ( Figure 1A) . Furthermore, we found that Msx1 associates directly with components of the PRC2 complex, which imparts the H3K27me3 mark, including Ezh2, Suz12, and EED ( Figure 4D) . Notably, exogenous Msx1, from C2C12 cells, and endogenous Msx1, from developing limb, interacted strongly with the PRC2 complex, regardless of whether coimmunoprecipitation assays were done using antibodies to pull down Msx1 or Ezh2 ( Figure 4D and Figure S4D ). In contrast, Msx1 did not interact with other histone methyltransferases, such as PR-SET7, which are associated with marks of heterochromatin silencing rather than repression (Margueron and Reinberg, 2010) (Figure 4D ).
By analyses of truncated Msx1 proteins, we found that the homeodomain is required for association with the histone methyltransferase enzymatic activity, as well as interaction with the PRC2 complex ( Figures 4E and 4G) ; notably, although the homeodomain mediates DNA binding, it also serves as a protein interaction domain for Msx1 (Bendall and Abate-Shen, 2000; Bendall et al., 1999; Zhang et al., 1996 Zhang et al., , 1997 . Interestingly, the C-terminal region of Msx1 is also necessary for efficient association of Msx1 with histone methyltransferase activity and association with Ezh2 ( Figures 4E and 4G) ; while this C-terminal region is not required for DNA binding it is necessary for localization of Msx1 to the nuclear periphery (Lee et al., 2006 and see below) . 
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Msx1 Recruits Polycomb to the Nuclear Periphery Finally, we found that Msx1 binding to its repressed target genes was correlated with recruitment of PRC2 complexes to these genes ( Figure 4F ). In particular, ChIP-qPCR analyses revealed that Suz12 binding was significantly enriched at multiple Msx1 genomic binding sites, including known regulatory elements such as the CER (MyoD-4, 5.1-fold enrichment; p = 1.2 3 10 À6 ) and the À58 kb site of Myf5 (Myf5-2, 4.0-fold enrichment; p = 1 3 10 À5 ) ( Figure 4F ). Collectively, these data suggest that the observed increase of H3K27me3 on Msx1 target genes reflects the recruitment by Msx1 of Polycomb complexes, as mediated by the homeodomain and facilitated by its C-terminal region.
Msx1 Association with PRC2 Complexes Is Necessary for Myoblast Differentiation and Repression of Myogenic Targets
We investigated the functional consequences of the interaction of Msx1 with the PRC2 complex using the strategy illustrated in Figure 5A . In particular, we introduced an Ezh2 (or a control) siRNA in C2C12 cells expressing Msx1 (or vector) and evaluated the consequences for:
(1) differentiation, via appearance of myotubes and western blot detection of markers of terminal muscle differentiation, namely myosin heavy chain (MHC) and Myogenin; (2) target gene expression, via real-time PCR of mRNA levels; and (3) ChIP-qPCR analyses to evaluate binding of Msx1 or relevant histone marks at target genes ( Figure 5 and Figure S5 ). We used two independent siRNAs for Ezh2 and verified their efficacy and specificity by western blotting for Ezh2 or histone marks, q-PCR analyses of Ezh2 mRNA levels, and immunofluorescence detection of Ezh2 in C2C12 cells ( Figure 5B and Figure S5A ).
As we have shown previously (Hu et al., 2001; Lee et al., 2004; Lee et al., 2006) , exogenous Msx1 completely abrogates differentiation of C2C12 cells, as evident by the absence of myotubes and lack of expression of MHC and Myogenin in cells expressing Msx1 compared to those lacking Msx1 ( Figure 5C ). In contrast, cells expressing Msx1 plus an Ezh2 siRNA were not inhibited for differentiation, as evident from the appearance of myotubes and expression of MHC and Myogenin (Figure 5C) . Notably, Ezh2 knock-down significantly reduced Msx1 binding to genomic sites of repressed genes, as exemplified for the CER (MyoD-4, 3-fold reduced; p = 1 3 10 À7 ) and the À58 kb element of Myf5 (Myf5-2, 4-fold reduced; p = 6.6 3 10 À5 ) ( Figure 5D ), suggesting that the PRC2 complex contributes to the efficacy of Msx1 binding to target genes. Notably, the diminished binding of Msx1 to repressed genes as a consequence of Ezh2 knock-down was accompanied by a partial abrogation of their repression ( Figure 5E and Figure S5B ) as well as a significant reduction in H3K27me3, but not H3K4me3, as exemplified for the CER (MyoD-4, 4-fold reduced, p = 1 3 10 À6 ) and the À58 kb region of Myf5 (Myf5-2, 5.7-fold reduced, p = 1.5 3 10 À5 ) ( Figure S5C ). Collectively, these findings demonstrate that interaction of Msx1 with the PRC2 complex in myoblast cells is essential for Msx1 to regulate myogenic differentiation, to bind and repress myogenic target genes, and for enrichment of histone repressive marks at Msx1 genomic binding sites.
Msx1 Redistributes the H3K27me3 Repressive Mark to the Nuclear Periphery
Although enriched on Msx1 target genes (see Figure 3) , the overall levels of H3K27me3 remain relatively constant regardless of the status of Msx1 expression in C2C12 cells or the developing limb ( Figure S6A ); this is consistent with the results from the ChIP-Chip analyses showing that H3K27me3 is redistributed from genomic regions where Msx1 is not bound to regions bound by Msx1 (see Figure 3D) . A hint as to how Msx1 might redistribute rather than increase the levels of H3K27me3 was provided by our observation that association of Msx1 with Ezh2 is augmented by the C-terminal region ( Figures 4E and 4G ), which is required for localization of Msx1 to the nuclear periphery . Therefore, we investigated whether Msx1 affected the spatial localization of Ezh2 and the H3K27me3 repressive mark within the nuclear compartment. Indeed, we found that Ezh2 and H3K27me3 exhibited a striking Msx1-dependent localization to the nuclear periphery in both C2C12 and primary myoblast cells ( Figures 6A-6C , Figures S6B, and Figures S7A and S7B ). In particular, whereas Ezh2 and H3K27me3 were distributed throughout the nucleus in myoblast cells lacking Msx1, in cells expressing Msx1, they overlapped with Msx1 at the periphery in C2C12 and primary myoblast cells (N = 20 cells/experiment; three independent experiments) ( Figures 6A-6C , Figure S6B , and Figures S7A  and S7B ). Interestingly, in nonmyoblast cells Ezh2 and H3K27me3 were not localized to the nuclear periphery irrespective of Msx1 expression or localization ( Figure S6D ). Furthermore, this colocalization with Msx1 at the nuclear periphery was specific for H3K27me3, because the subnuclear localization of H3K4me3 did not vary as a consequence of Msx1 expression ( Figure S6C ). Therefore, Ezh2 and H3K27me3 specifically colocalize with Msx1 in myoblast cells.
The requisite protein domains of Msx1 responsible for recruitment of Ezh2 and H3K27me3 to the nuclear periphery were those that mediate its association with Ezh2, its transcriptional repression, and its localization to the nuclear periphery. Therefore, Ezh2 and H3K27me3 colocalized at the nuclear periphery with wild-type Msx1 or Msx1 (43-303), but not with Msx1 proteins that were not active in transcriptional repression (i.e., Msx1 and Msx1-A) or not localized to the nuclear periphery (i.e., Msx1 [1-271]) ( Figures 6A-6C , Figure S6E , and Figures S7A and S7B ). As expected, the Msx1-dependent accumulation of H3K27me3 at the nuclear periphery required Ezh2, because in Msx1-expressing cells depleted for Ezh2, the residual H3K27me3 was distributed throughout the nucleus rather than localized to the periphery, whereas the localization of H3K4me3 was not effected ( Figure S6F ).
Finally, we examined the localization of the H3K27me3 repressive mark in Msx1-expressing cells in the developing embryo, focusing on the limb bud where Msx1 is robustly expressed (Bendall and Abate-Shen, 2000) and localized to the nuclear periphery (see Figure 1C) . In particular, in the anterior region of the limb bud where Msx1 is expressed, the H3K27me3 mark was localized to the nuclear periphery in most cells (94%; N = 192 cells). In striking contrast, in Msx1 germline mutant limbs, the H3K27me3 mark was diffusely localized throughout the nucleus and only in a few cells was localized to the nuclear periphery (8%; N = 203 cells) ( Figures 7A and 7B ). To rule out the possibility that the observed shift in H3K27me3 localization in the germline mutant mice was not directly attributed to Msx1 loss of function, we also examined an Msx1; Msx2 conditional mouse allele in which targeted deletion was induced 2 days prior to analyses (Supplemental Experimental Procedures). Inspection of these Msx1; Msx2 conditional mice showed that the majority of cells (>90%; N = 200) displayed the H3K27me3 mark throughout the nucleus rather than localized to the nuclear periphery ( Figures 7A and 7B ). These findings demonstrate that the observed enrichment of H3K27me3 at the nuclear periphery is a consequence of Msx1 expression, and further suggest that this localization is dynamic, because the redistribution of H3K27me3 in the limb bud was evident just 2 days after deletion of Msx1; Msx2 in the conditional mice. Cumulatively, these studies demonstrate that Msx1 expression results in a dynamic shift of the H3K27me3 repressive mark to the nuclear periphery in precise developmental contexts.
DISCUSSION
Despite substantial advances in our understanding of the global role of epigenetic regulators in controlling gene expression programs and cell lineage decisions during development, considerably less is known about how these activities are integrated with sequence-specific transcription factors or how these various activities are coordinated within the nucleus. We now demonstrate that transcriptional repression and regulation of differentiation by the Msx1 homeoprotein requires recruitment of the Polycomb complex to repressed target genes located at the nuclear periphery. Furthermore, we find that in specific developmental contexts, Msx1 promotes the dynamic redistribution of a Polycomb repressive mark to the nuclear periphery in vivo ( Figure 7C ). Our findings suggest that repression by Msx1 during development is intimately linked with its ability to dynamically orchestrate the integration of these various activities at the nuclear periphery in appropriate spatial and temporal contexts.
Considering that Msx1 is localized to the nuclear periphery, the simplest interpretation of our findings is that Msx1 recruits the PRC2 Polycomb complex to repressed target genes, which are located at the periphery, where Polycomb catalyzes the H3K27me3 repressive mark on chromatin in the vicinity of Msx1 binding ( Figure 7C ). However, given the mutual dependence of Msx1 and PRC2 complexes for both repression and binding to genomic targets, as well as the characteristic binding promiscuity of homeoproteins, including Msx1 (Bendall and Abate-Shen, 2000) , it seems more likely that the Polycomb complex is playing a more active role for both target gene selection and repression by Msx1. Furthermore, although this scenario may be relevant for transcriptional repression, additional complexity is suggested by the observations that Msx1 can function as an activator in certain cellular contexts (Hu et al., 2001 ) and that its target genes include many that are upregulated rather than repressed. Interestingly, while these activated genes are enriched for the H3K27me3 mark, they are also enriched for the activator mark H3K4me3, and are not located at the nuclear 
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Msx1 Recruits Polycomb to the Nuclear Periphery periphery. Indeed, it has been shown recently that repositioning of MyoD to the nuclear interior is associated with its activation and binding of TAF3 during myoblast differentiation (Yao et al., 2011) . Therefore, whether a target gene is ''activated'' or ''repressed'' may depend on its subnuclear localization as well as the distribution of activator and repressor chromatin marks and components of the core transcriptional complex. Implicit in the model that repression by Msx1 involves recruitment of Polycomb to the nuclear periphery ( Figure 7C ) is that an important element of regulation should include the temporally controlled displacement of Msx1-PRC2 complexes from target genes and at least the partial reversal of the H3K27me3 mark as differentiation proceeds. Notably, UTX, which mediates the demethylation of H3K27me3, has been shown to be recruited to muscle-specific genes coincident with activation of their expression (Seenundun et al., 2010) . Interestingly, in the skin Ezh2 has been shown to spatially regulate the timing of differentiation by inhibiting the binding of AP-1 transcriptional activators coincident with the onset of differentiation (Ezhkova et al., 2009) . Notably, our ChIP-Seq analyses of Msx1 in myoblast cells revealed that Msx1 genomic binding sites are enriched for AP-1 consensus DNA sites; thus, is it plausible that this relationship of Ezh2 binding and AP-1 transcriptional regulation may occur in other cell lineages.
The Msx1 homeoprotein and the PRC2 Polycomb complex are active in similar biological contexts during development. Indeed, their expression tends to be temporally restricted to cells that are poised to differentiate and they each function to repress the expression of lineage regulators, and are inactivated prior to the onset of differentiation and subsequent activation of such lineage regulators (Bendall and Abate-Shen, 2000; Boyer et al., 2006; Bracken et al., 2006; Caretti et al., 2004; Ezhkova et al., 2009; Schuettengruber and Cavalli, 2009) . Notably, a member of a distinct class of sequence-specific developmental regulators, GATA-1, has been shown to interact with PRC2 complexes in erythroid cells, where it controls the regulation of genes involved in erythroid development (Yu et al., 2009) . Thus, interactions of the PRC2 Polycomb complex with tissuespecific developmental transcription factors may prove to be a general feature of how this chromatin complex achieves the dynamic spatial and temporal control of lineage-specific target genes in diverse cell types during development.
The biological significance of the coordinate actions of Msx1 and the PRC2 Polycomb complex is further evident because Msx1 and Polycomb share similar target genes, even in comparing distinct cell lineages (i.e., myoblast cells and ES cells), suggesting that there are universal aspects of their coordinate functions that extend beyond the biological model systems studied herein. Indeed, the interaction of Msx1 with Ezh2 is mediated by the homeodomain, which is the defining feature of this class of developmental transcription factors. Because the localization of Msx1 to the nuclear periphery is distinct among homeoproteins, it is conceivable that other homeoproteins may interact with Polycomb, but perhaps in other nuclear compartments.
Finally, our studies suggest a hitherto unappreciated level of transcriptional regulatory control during development, namely the spatial coordination of repressive chromatin marks within the nuclear compartment as a consequence of the functions of sequence-specific transcriptional regulators. Thus, although it is now widely accepted that the nucleus is organized into distinct ''neighborhoods'' (Fraser and Bickmore, 2007) , whether relocation between neighborhoods provides an active component of transcriptional regulation has not been resolved. Our findings provide biological evidence for relocation of repressor marks as contributing factor in regulating gene expression programs during development. In the broadest sense, our findings suggest that transcriptional repression can be viewed not only as a consequence of the dynamic control of chromatin modifications but also the result of ''locating'' repressive marks to appropriate spatial domains within the nucleus.
EXPERIMENTAL PROCEDURES Description of Plasmids
Most plasmids used in this study have been described previously (Lee et al., 2004 Hu et al., 2001; Kuzmichev et al., 2004) . Flag-tagged Ezh2 was generated from the corresponding cDNAs by PCR amplification using primers that introduced BamHI and XhoI sites for cloning into pcDNA3. All plasmids used were sequence verified.
Cell Culture Analyses
Cell culture studies were done using human 293T cells or mouse C2C12 myoblast or 3T3 fibroblast cells obtained from ATCC. Primary myoblasts were made from newborn (day 0) mouse limbs from Swiss Webster mice and maintained in F-10/DMEM growth medium. Other cells were maintained in DMEM supplemented with 10% fetal bovine in humidified atmosphere with 5% CO 2 at 37 C. Differentiation of C2C12 cells was induced by shifting cells to media containing 2% horse serum for 1-4 days (Lee et al., 2004 . Exogenous Msx1 (or the control vector) was introduced either via retroviral gene transfer or by transient transfected as in (Lee et al., 2004 . siRNA (Ambion) was introduced by transient transfection using the Lipofectamine RNAiMAX reagent (Invitrogen) according to the manufacturer's recommendations. The sequences of the siRNAs used in these studies are provided in Supplemental Experimental Procedures.
Analyses of Msx1 Mutant Embryos
Forelimbs were analyzed from midgestation mouse embryos (staged 10.5-13.5 days postcoitum [dpc]) from: (1) Swiss Webster embryos; (2) germline Msx1 mutant embryos (Satokata and Maas, 1994) , comparing the homozygous null with homozygous wild-type embryos; or (3) conditional Msx1; Msx2 mutants (Fu et al., 2007) crossed with an inducible Rosa CreERT2 (Ventura et al., 2007) . Targeted deletion of the conditional Msx alleles were induced by delivery of tamoxifen in corn oil (2 mg/40 g; Sigma-Aldrich) by oral gavage at embryonic day 9.5 (9.5 dpc) and confirmed in the tissue of interest (i.e., the limb) by PCR analyses. Embryos were collected from timed mating with noon on the day of the plug considered to be embryonic day 0.5; embryos were genotyped from yolk sac DNA.
Gene Expression Profiling Analyses
Gene expression profiling was done using RNA from C2C12 cells expressing tamoxifen-regulated Msx1 (Hu et al., 2001) or with empty vector as a control, followed by induction with 0.2 nM of tamoxifen or vehicle (DMSO) for 6 hr, and hybridized to Affymetrix GeneChips (Mu74AV2). Genes with a p value of %0.05 and a fold-change of R1.4-fold between tamoxifen-treated and vehicle samples for the Msx1-ER-infected cells were considered to be differentially expressed.
Validation of Target Gene Expression
Validation of differentially expressed genes was done using RNA from C2C12 cells or from embryonic forelimb isolated with Trizol reagent (Invitrogen) and purified using an RNeasy kit (QIAGEN). First strand cDNA was synthesized using SuperScript III kit (Invitrogen) and quantitative real-time PCR was performed using SYBR green reagent (QIAGEN) in the Realplex 2 machine (Eppendorf). Expression values were normalized to GAPDH. Four independent experiments were performed for each target gene. The average values are given as the mean ± standard deviation (SD). Primer sequences for real-time PCR are provided in Supplemental Experimental Procedures.
ChIP-Seq Analyses and Identification of Msx1 Target Genes
ChIP-Seq analysis was done using cross-linked chromatin from C2C12 cells expressing exogenous Flag-Msx1 by Solexa sequencing of immunoenriched DNA as in (Marson et al., 2008) . Briefly, 5 3 10 7 cells were lysed and chromatin was sheared in lysis buffer (1 mM EDTA, 0.5 mM EGTA, 10 mM Tris-HCl [pH 8.0], 100 mM NaCl, 0.1% Na-Deoxycholate, 0.5% N-lauryl sarcosine) and then immunoprecipitated overnight with anti-Flag M2 antibody (SigmaAldrich, F3165). The immunoprecipitated protein-DNA complexes were recovered using Dynal Protein G beads, washed with RIPA buffer (0.1% SDS, 1% Na-Deoxycholate, 1% Triton X-100, 150 mM NaCl, 10 mM TrisHCl [pH7.5], 1 mM EDTA, and protease inhibitor cocktail) and the protein-DNA complexes were eluted and reversed by heating at 65 C for 12 hr.
Following purification, the recovered DNA was amplified and prepared for sequencing according to published methods (Marson et al., 2008) . Regions of DNA bound by Msx1 were identified using a Poissonian background model as described (Marson et al., 2008) . Analysis of 5.2 million uniquely aligning reads identified 62,248 bound regions called at a p value threshold of 10 À8 , which is listed in Table S2 . Genes with a transcriptional start site (TSS) within 10 kb of an Msx1-bound region were called as bound by Msx1, resulting in 8606 bound genes. The identity and genomic coordinates of genes with start sites within 10 kb of Msx1-bound regions are listed in Table S2 . Target genes were identified by comparing the set of 8606 bound genes identified from the ChIP-Seq data to the set of 221 genes whose expression was changed (up-or downregulated) upon Msx1 induction in the gene expression profiling data to provide the list of 166 bound and regulated genes shown in Table S3 . Gene ontology analysis was performed using the program DAVID v6.7 (http://david.abcc.ncifcrf.gov/home.jsp).
ChIP-Chip Analysis
ChIP-Chip analysis was done as in (Boyer et al., 2006 ) using cross-linked chromatin from C2C12 cells expressing Flag-Msx1 (or a control) on customdesigned Agilent arrays (see Supplemental Experimental Procedures). Immunoprecipitations were done using antibodies specific for histone marks H3K4me3, H3K27me3, or H3K9me2; details of all antibodies are provided in Supplemental Experimental Procedures.
ChIP-qPCR Assays
Chromatin immunoprecipitation (ChIP) assays were performed using crosslinked DNA from C2C12 cells or from embryonic limb as in (Lee et al., 2004 . Quantitative PCR was performed in triplicate using SYBR green reagent (QIAGEN) in the Realplex 2 machine (Eppendorf). A minimum of three independent experiments were performed for each ChIP assay; the average values are given as the mean ± SD. Comparison of the differences between variables in each experiment were carried out by the two-tailed independent Student's t test. Unless otherwise indicated, real-time PCR data were normalized to input sample and fold enrichment relative to the input is indicated. The antibodies used for ChIP analyses and the primer sequences for the real-time PCR are provided in Supplemental Experimental Procedures.
Whole-Mount In Situ Hybridization
For in situ hybridization analyses, embryos were fixed in 4% PFA at 4 C for 16 hr, Whole-mount in situ hybridization was performed as described using digoxigenin (DIG)-labeled RNA probes (Bendall et al., 1999) . Embryos were photographed using an Olympus SZX16 stereomicroscope equipped with an Olympus DP71 color digital camera. In situ analyses were done on a minimum of three mutant and three wild-type embryos at three embryonic stages (i.e., 10.5 to 13.5 dpc) in four independent experiments; in all cases, mutant and wild-type embryos were stained for exactly the same time to allow for comparison of expression levels.
Immunofluorescence Analyses
For immunofluorescence, cells were fixed in 4% PFA in PBS, permeabilized by incubation in 0.5% Triton X-100, and incubated with primary antibodies followed by AlexaFluor 488 and/or AlexaFluor 555 secondary antibodies (Molecular Probes). Immunofluorescence analyses of Msx1 germline mutant, Msx1; Msx2 conditional mutant, and wild-type limbs were done on 8 mm cryosections from PFA-fixed OCT blocks mounted on Superfrost positively charged glass slides. Tissues were permeabilized as above, blocked with either 10% goat serum or M.O.M blocking serum (Vector Laboratories), and incubated with primary antibody overnight at 4 C, followed by AlexaFluor 488 and/or AlexaFluor 555 secondary antibodies (Molecular Probes). Immunofluorescence was visualized using a Leica TCS SP5 inverted confocal microscope. Quantitative analysis of subnuclear localization was done using ImageJ software (Abramoff et al., 2004) .
Fluorescence In Situ Hybridization (FISH) FISH analysis was done using 5-Carboxyl-X-rhodamine (5-ROX) labeled BAC DNA (Empire Genomics). Cells were trypsinized, treated with 0.38% KCl, fixed in 3:1 methanol-acetic acid, and subjected to FISH hybridization following the procedure recommended by Empire Genomics. Fluorescence signals were captured on Leica TCS SP5 inverted confocal microscope and quantified using ImageJ software. Hybridization signals were scored for at least 100 interphase nuclei for each probe to determine the location of the FISH signal in the nucleus. Experiments were performed three independent times for each probe.
Analyses of Proteins
Immunoprecipitation assays from C2C12 cells or 293T cells were done using total protein extracts obtained by lysis in RIPA buffer (Lee et al., 2004 ; immunoprecipitation assays from limb nuclear extracts were done in BC200 containing 0.1% NP40. Samples were incubated with anti-Flag Affinity beads (Sigma-Aldrich) or protein-specific antibodies (as indicated) followed by precipitation with protein A or Protein G beads. Immunoprecipitated proteins were eluted using Flag peptide (Sigma-Aldrich) or by addition of 13 SDS sample buffer and analyzed by immunoblotting using an ECL Plus Western Blotting Detection Kit (GE Healthcare).
Histone Methyltransferase (HMT) Assays HMT assays were done by incubating Msx1 protein or the immunopurified protein complex with nucleosomes made with recombinant core histone containing wild-type histone H3 or mutated variants of histone H3 plus radiolabeled S-Adenosylmethionine as in (Kuzmichev et al., 2004) ; proteins were resolved by SDS-PAGE and visualized by autoradiography.
Statistical Analyses
At least three independent experiments were performed for each assay. The average values of the parallel experiments are given as the mean ± SD. Comparison of differences among the groups was carried out by two-tailed Student's t test. Significance was defined as p < 0.01 (***p < 0.0001; **p < 0.001; * p < 0.01). Detailed information is provided in Supplemental Experimental Procedures.
ACCESSION NUMBERS
Gene expression microarray data have been deposited in the Gene Expression Omnibus (GEO) under series accession number GSE26021; ChIP-Seq data have been deposited in GEO under series accession number GSE26711. 
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